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Abstract 


Severe acute respiratory syndrome (SARS) is a respiratory disease caused by a 


coronavirus (SARS-CoV) that is characterized by atypical pneumonia. The nucleocapsid 


protein (N protein) of SARS-CoV plays an important role in inhibition of type | interferon 


(IFN) production via an unknown mechanism. In this study, the SARS-CoV N protein was 


found to bind to the SPRY domain of the tripartite motif protein 25 (TRIM25) E3 ubiquitin 


ligase, thereby interfering with the association between TRIM25 and_ retinoic 


acid-inducible gene | (RIG-I) and inhibiting TRIM25-mediated RIG-I ubiquitination and 


activation. Type | IFN production induced by poly I:C or Sendai virus (SeV) was 


suppressed by the SARS-CoV N protein. SARS-CoV replication was increased by 


over-expression of the full-length N protein but not N (1-361), which could not interact with 


TRIM25. These findings provide an insightful interpretation of the SARS-CoV-mediated 


host innate immune suppression caused by the N protein. 


Importance 


The SARS-CoV N protein is essential for the viral life cycle and plays a key role in the 


virus-host interaction. We demonstrated that the interaction between the C-terminus of the 


N protein and the SPRY domain of TRIM25 inhibited TRIM25-mediated RIG-l 


ubiquitination, which resulted in the inhibition of IFN production. We also found that the 


MERS-CoV N protein interacted with TRIM25 and inhibited RIG-I signaling. The outcomes 


of these findings indicate the function of the coronavirus N protein in modulating the host’s 


initial innate immune response. 
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Introduction 


As the first line of defense against viruses, type | interferon (IFN) plays a critical role 


in initiating host antiviral responses. Following virus infection, the host innate immune 


system is triggered by the recognition of viral-specific components (pattern recognition 


receptors, PRRs), such as DNA, ssRNA, dsRNA or glycoproteins (1). The Toll-like 


receptors (TLRs) and RIG-I-like receptors (RLRs) are the most common host PRRs that 


respond to RNA viruses (2). The cytoplasmic virus receptor RIG-I directly recognizes and 


binds to viral 5-PPP RNA and short dsRNA, which are found in cells infected with a 


variety of RNA viruses, through its helicase and repressor domain (RD) (1, 3). After 


recognition, the N terminal caspase recruitment domains (CARDs) of RIG-I are modified 


by ubiquitin, mediated by the E3 ligase tripartite motif protein 25 (TRIM25) (4). The 


domains then initiate an antiviral signaling cascade by interacting with the downstream 


partner MAVS/VISA/IPS-1/Cardif (4, 5), leading to the phosphorylation and activation of 


the transcription factors IRF3 and NF-kB, eventually leading to the production of type | IFN 


and many other cytokines. IFN-B secretion induces IFN-stimulated genes (ISGs), which 


exert antiviral effector functions (6). 


Viruses have evolved the capacity to evade host immune recognition and to suppress 


the host IFN system (7). Viruses encode viral proteins that interfere with PRR signaling 


pathways to gain an early advantage against host defense. For example, the influenza A 


virus NS1 protein, Ebola virus VP35 protein, and Vaccine virus E3L protein bind viral 


dsRNA to evade host immune recognition (8). Virus-encoded proteins also target IFN 


genes and IFN-induced genes to prevent host antiviral effector responses (2, 9). 


Severe acute respiratory syndrome coronavirus (SARS-CoV), which emerged in 
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2003, has high mortality in humans. Similar to other known coronaviruses, SARS-CoV 


has a 29.7-kb genome that encodes four structural proteins: spike (S), envelope (E), 


membrane (M), and nucleocapsid (N) proteins (10, 11). The N protein enters host cells 


together with viral RNA. Both the N- and C-termini of the N protein bind viral RNA to form 


the helical ribonucleocapsid (RNP), which plays a fundamental role in viral assembly (12, 


13). The multimerization of N proteins occurs primarily through the C-terminus (14). The 


N-terminal portion of the N protein (168-208 a.a.) is important for the interaction with the 


viral M protein, indicating that this region may be crucial for viral packaging (15, 16). The 


N protein of SARS-CoV has been demonstrated to up-regulate the expression of the 


pro-inflammatory factor COX2 and to interact with the proteasome subunit p42, which 


affects a variety of basic cellular processes and inflammatory responses (17, 18). Notably, 


N also inhibits the synthesis of IFN-B, which plays a vital role in innate immunity against 


RNA virus infections by a mechanism that is not fully understood(19-21). 


In this study, we found that the SARS-CoV N protein interacted with TRIM25 and 


interfered with the association between TRIM25 and RIG-I. Thus, TRIM25-mediated RIG-| 


ubiquitination was inhibited by the SARS-CoV N protein and contributed to the 


suppression of type | IFN production. 


Materials and Methods 


Cell lines and viruses 


Cell lines (293T, HeLa, A549, Vero and Calu-3) were grown in Dulbecco’s modified 


Eagle’s medium (DMEM) (Gibco, Life Technologies, Carlsbad, CA, USA) supplemented 
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with 10% (or 20% for Calu-3) heat-inactivated fetal bovine serum (FBS) (Gibco, Life 


Technologies, USA), 100 IU/mL of ampicillin and 100 ug/mL of streptomycin. The cells 


were cultured in 5% COz2 and a humidified atmosphere at 37°C. The 293T and A549 cells 


were transfected using Vigofect reagent (Vigorous, Beijing, China) and jetPRIME reagent 


(Polyplus, New York City, NY, USA) according to the manufacturer’s instructions. 


SeV (Sendai virus) and NDV-GFP (green fluorescent protein gene incorporated into 


the Newcastle disease virus genome) were amplified in 9- to 11-day embryonated specific 


pathogen-free (SPF) eggs. The 50% tissue culture infectious dose (TCID50) in Vero cells 


was determined as previously described (22, 23). 


DNA constructs 


Flag- or hemagglutinin (HA)-tagged protein genes were cloned into the 


pcDNA3-based expression vector (Invitrogen, Carlsbad, CA, USA). Enhanced GFP 


(EGFP)- or Myc-tagged protein genes were cloned into the pCMV-Myc expression vector 


(Clontech, Mountain View, CA, USA). 


siRNAs targeting TRIM25 (siTRIM25, sense, 5-GCAAAUGUUCCCAGCACAATT-3’ 


and antisense, 5’-UUGUGCUGGGAACAUUUGCTT-3’) and a non-target siRNA (si-control) 


were purchased from Genepharm Technologies (Shanghai, China). All siRNA 


transfections were performed using Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, 


USA). 


Quantitative RT-PCR 


RNA was extracted using an RNeasy Mini Kit (QIAGEN, Valencia, CA, USA), and 1 


ug of RNA was used to synthesize cDNA using ReverTra Ace qPCR RT Master Mix with 
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gDNA Remover (TOYOBO, Osaka, Japan). Quantitative RT-PCR was performed using 
SYBR Green Supermix (Bio-Rad, ia™ Supermix, Hercules, CA, USA) with an iQ5 
Multicolor Real-Time PCR Detection System (Bio-Rad). The primer sequences are shown 


“CT method 


in Table 1, and relative gene expression levels were calculated using the 2” 
(24). 


Immunoprecipitation and immunoblotting analysis 


Cell lysates were prepared in lysis buffer containing 1% Nonidet P-40 (25). Soluble 
proteins were subjected to immunoprecipitation with an anti-Flag antibody (M2, Sigma 
F2426, MO, USA) or mouse IgG (Sigma A0910, MO, USA). An aliquot of the total lysate 
(5%, v/v) was included as a control. The immunoblotting analysis was performed with 
anti-GFP (Proteintech HRP-66002, Chicago, IL, USA), anti-TRIM25 (Abcam ab167154, 
Cambridge, MA, USA), anti-Myc (Santa Cruz SC-40, CA, USA), anti-Flag horseradish 
peroxidase (HRP) (Sigma A8592, MO, USA), anti-B-actin (Santa Cruz SC-1616, CA, USA), 
anti-ubiquitin (Santa Cruz SC-8017, CA, USA), anti-HA (Sigma H9658, MO, USA), 
anti-IRF3 (Abcam ab68481, Cambridge, MA, USA) or Anti-pIRF3 (S396) (Abcam 
ab138449, Cambridge, MA, USA) antibodies. The antigen-antibody complexes were 
visualized using ECL chemiluminescence (Amersham Biosciences/GE 
Healthcare,Buckinghamshire,UK). On average, three independent experiments were 


performed, with standard deviations (error bars) and P values determined by the f test. 


LC-MS/MS analysis 
Plasmids expressing the Flag-tagged SARS-CoV N protein (Flag-N) were transiently 


transfected into 293T cells. Twenty-four hours after transfection, cell lysates were 
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prepared and subjected to anti-Flag immunoprecipitation, SDS-PAGE and Coomassie 


Brilliant Blue staining. Protein bands co-precipitated with Flag-N but not control IgG were 


excised, digested with trypsin, and subjected to liquid chromatography-tandem mass 


spectrometry (LC-MS/MS, Micromass, Inc.) analysis to identify interacting proteins. The 


data were compared against SWISSPROT using the Mascot search engine 


(www.matrixscience.com) for protein identification. 


NDV-GFP infection assay 


The GFP-expressing Newcastle disease virus (NDV-GFP) was used to infect cells for 


the previously described infection efficiency analysis (23). First, A549 cells transfected 


with or without SARS-CoV N protein were infected with SeV to induce IFN production. 


Vero cells were incubated with supernatants from the A549 cell culture and were then 


infected with NDV-GFP at the given viral titers. At 16 h post-infection, the number of 


GFP-positive cells and the GFP expression levels were analyzed by flow cytometry (BD 


FACSCalibur). 


Duolink assay and confocal microscopy 


Duolink in situ proximity ligation assay (PLA, Duolink Detection kit, Olink Bioscience, 


Uppsala, Sweden) was used to detect interactions between endogenous TRIM25 and the 


N protein or endogenous TRIM25 and RIG-I in the cells. Briefly, HeLa cells plated on glass 


coverslips were transfected with the GFP-N-expressing plasmid. After fixation with 4% 


formaldehyde, the cells were incubated with rabbit anti-RIG-I (Millipore 4200, MA, USA) or 


rabbit anti-GFP (Abcam ab183734, Cambridge, MA, USA) and mouse anti-TRIM25 


(Abcam ab88669, Cambridge, MA, USA) primary antibodies or with anti-TRIM25 antibody 
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alone as a control. The Duolink system provides oligonucleotide-labeled secondary 


antibodies (PLA probes) for each of the primary antibodies. In combination with a DNA 


amplification-based reporter system, these antibodies generate a signal only when the 


two primary antibodies are in close proximity (~10 nm). According to the manufacturer's 


instructions, the signal from each detected pair of primary antibodies was visualized as a 


fluorescent spot. Slides were evaluated using an LSM 510 META confocal microscope 


(Carl Zeiss). The cell images were exported in TIF format using the Zeiss LSM Image 


Browser (Carl Zeiss) for analysis. Interactions per cell were determined with the Duolink 


image tool developed by Olink Biosciences and were counted in at least three fields. 


Quantifications were given as the means+S.D. Representative results are shown from 


experiments repeated three times. 


Duo-luciferase assays 


To evaluate expression, 293T cells were seeded into 24-well plates and 


co-transfected with control plasmids or expression plasmids together with the luciferase 


reporter plasmid. A 10-ng sample of the pRL Renilla Luciferase Control Reporter Vector 


(pRL) was included as the control. Twenty-four hours after transfection, the cells were 


infected with Sendai virus (SeV) at a multiplicity of infection (MOI) of 2 for 16 h. The cell 


lysates were subjected to luciferase activity analysis using the Dual Luciferase Reporter 


Assay System (Promega). Total light production was measured using a Monolight 2010 


luminometer (Analytical Luminescence Laboratory, San Diego, CA, USA). The results are 


expressed as the means+sS.D. of three independent experiments. 


Virus replication assays 
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A549 cells were seeded at a density of 2x10° cells in 25-cm? flasks (Corning, 
Corning, NY), and Vero and Calu-3 cells were seeded in 24-well plates (Corning, Corning, 
NY). After 24 h, the cells were washed with 1x PBS and incubated with medium containing 
SARS-CoV at an MOI of 0.05 plaque-forming units (PFU) per cell (in each cell type) in a 
1-ml volume for 45 min at 37°C. The medium was removed, the cells were washed twice 
with 1x PBS, and medium containing 2% FBS was added. Anti-IFN-B antibody (Abcam, 
ab6979, Cambridge, MA, USA) was used to neutralize IFN-B in Calu-3 cells at a 
concentration of 2.7 ug/ml. At the indicated time points post-infection, supernatant from 
each flask was subjected to RNA extraction using TRIzol reagent (Invitrogen, Carlsbad, 
CA, USA) and reverse transcription using the ReverTra Ace qPCR RT Master Mix 
(FSQ-201, TOYOBO) with the reverse primer given below. The TIANGEN SuperReal 
Premix (Probe) was used for quantitative nucleic acid amplification with specific primers in 
a Bio-Rad IQ5 Optical System. Cr values were compared to a series of dilutions of 
standard samples. The primers used for quantifying SARS-CoV subgenomic MRNA 5 (M 
gene) are as follows: forward primer (5’--CTCTTCTGAAGGAGTTCCTGAT-3’), reverse 
primer (5’-GACAGCAGCAAGCACAAAACAA-3’), and FAM probe 
(5'-GGCTCTTGTGGCCAGTAACACTT-3’). Viral titers in the supernatants were calculated 
as previously described using RT-PCR (26, 27). 


All experiments with SARS-CoV were performed in a Biosafety Level 3 laboratory. 


Results 


The SARS-CoV N protein interacts with TRIM25 
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To investigate the cellular interaction partners of the SARS-CoV N protein in humans, 


lysates from 293T cells that exogenously expressed the Flag-N protein or Flag-vector 


control were immunoprecipitated with an anti-Flag antibody. The immunoprecipitates were 


subjected to SDS-PAGE and Coomassie Brilliant Blue staining (Fig. 1A). Stained bands 


that appeared in the Flag-N, but not the control immunoprecipitates, were subjected to 


trypsin digestion and LC/MS/MS analysis. Two TRIM25 peptides in the indicated band 


were identified by a Mascot search (http://www.matrixscience.com). These results 


suggested that TRIM25, the E3 ligase for RIG-I ubiquitination that plays a vital role in the 


innate immune response to RNA virus infection, was detected in the Flag-N 


immunoprecipitates and that is might associate with the SARS-CoV N protein (Fig. 1B). 


The interaction between the SARS-CoV N protein and TRIM25 was verified by 


immunoblotting. Endogenous TRIM25 was co-immunoprecipitated with Flag-N but not 


with the Flag-vector control, with or without SeV infection (Fig. 1C). Moreover, an 


interaction between exogenous Flag-TRIM25 and the Myc-N protein was observed by 


immunoblotting anti-Flag immunoprecipitates with the anti-Myc antibody (Fig. 1D). Further, 


to demonstrate the association between the SARS-CoV N protein and endogenous 


TRIM25 in situ, HeLa cells expressing GFP-N or GFP alone were subjected to a 


Duolink-based in situ PLA followed by confocal microscopy. PLA-positive signals (red 


points) indicated that co-localization of the SARS-CoV N protein (but not GFP) and 


endogenous TRIM25 were exclusively observed in the cytoplasm. This distribution was 


similar to that observed for the SARS-CoV N protein (Fig. 1E). These data collectively 


showed that TRIM25 was an association partner of the SARS-CoV N protein in human 
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cells. 


The C-terminus of the SARS-CoV N protein interacts with the TRIM25 SPRY domain 


To investigate the interaction between TRIM25 and the SARS-CoV N protein, 


GFP-tagged truncated fragments of the SARS-CoV N protein (1-175, 176-251, 252-361, 


and 362-422 a.a.) were co-transfected with Flag-TRIM25 into 293T cells. The C-terminus 


of SARS-CoV N (362-422 a.a.), but not the other truncated regions, was responsible for 


the TRIM25 association (Fig. 2A). Reciprocally, we also produced Flag-tagged TRIM25 


truncated proteins containing SPRY, B Box/CCD, or RING domains and found that only 


the SPRY domain was involved in the SARS-CoV N association (Fig. 2B and Fig. 2C). 


Furthermore, a Flag-tagged SPRY domain with deleted TRIM25 (Flag-del-SPRY) failed to 


interact with the N protein (Fig. 2C). These findings clearly defined the interaction domains 


that contributed to the association of the two proteins. 


The SARS-CoV N protein interferes with the TRIM25-RIG-I interaction 


The TRIM25 SPRY and RING domains have been reported to be involved in the 


interaction with the RIG-I N-terminal CARD domains and E2_ ubiquitin-conjugating 


enzymes, respectively(28). Due to the association of the TRIM25 SPRY domain with the 


SARS-CoV N protein, we hypothesized that SPRY domain-mediated RIG-1 binding might 


be competitively regulated by the SARS-CoV N protein. To investigate this hypothesis, 


Flag-RIG-I and Myc-TRIM25 were co-expressed with or without Myc-N in 293T cells. The 


interaction between RIG-I and TRIM25 was substantially attenuated by co-expression of 


the SARS-CoV N protein in a dose-dependent manner (Fig. 3A-3B). Additionally, the in 


situ PLA analysis demonstrated that the interaction between endogenous RIG-I and 
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TRIM25 was decreased by exogenous SARS-CoV N expression but not by GFP 


expression (Fig. 3C-3D). These results collectively indicated that the SARS-CoV N protein 


competitively bound to the TRIM25 SPRY domain and interfered with the association 


between TRIM25 and its ubiquitination substrate RIG-I. 


The SARS-CoV N protein suppresses RIG-I ubiquitination 


Next, we investigated whether TRIM25-mediated RIG-I ubiquitination at the 


N-terminal CARD domain was regulated by the SARS-CoV N protein. Lysates prepared 


from 293T cells co-transfected with Flag-RIG-Il, HA-Ub and the indicated amount of the 


Myc-N expression plasmids were immunoprecipitated with an anti-Flag antibody and 


analyzed by immunoblotting with anti-HA or anti-Flag. As previously reported, 


TRIM25-mediated RIG-I ubiquitination was potentiated by SeV infection but was 


substantially suppressed by increasing SARS-CoV N protein expression (Fig. 4A) in a 


dose-dependent manner. In agreement with this result, the ubiquitination of the two-CARD 


domains of RIG-I was similarly inhibited by exogenous N protein expression (Fig. 4B). 


Phosphorylation of IRF3 Ser(396) plays an essential role in IRF-3 activation responses to 


virus infection (29). In concert, IRF3(S396) phosphorylation induced by the 


overexpression of the two-CARD domains of RIG-I was suppressed by the SARS-CoV N 


protein (Fig. 4C). Notably, the suppression of RIG-I ubiquitination by the SARS-CoV N 


protein could be partially rescued by TRIM25 overexpression (Fig. 4D). These results 


indicated that competitive binding of TRIM25 by the SARS-CoV N protein interfered with 


TRIM25’s_ association with its ubiquitination substrate, thereby inhibiting RIG-I 


ubiquitination and activation ina SARS-CoV N dose-dependent manner. 
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The SARS-CoV N protein suppresses type | IFN production 

RIG-I is activated by TRIM25-mediated ubiquitination, which plays a vital role in 
virus-induced type | IFN production. To examine the regulation of RIG-I activity by the 
SARS-CoV N protein, we constructed a luciferase reporter under control of the IFN-B 
promoter (IFN-B-Luc) to quantify IFN-B promoter activation. In concert with the inhibition of 
RIG-I ubiquitination by the N protein, IFN-B promoter activation induced by RIG-| CARD 
domain overexpression was significantly inhibited by SARS-CoV N expression in a 
dose-dependent manner (Fig. 5A). However, co-expression of TRIM25 with SARS-CoV N 
counteracted the inhibition caused by the N protein (Fig. 5B). Similarly, IFN-8 promoter 
activation induced by SeV infection was suppressed by the SARS-CoV N protein in a 
dose-dependent manner (Fig. 5C). Both the IFN-B transcription and expression levels 
could be suppressed by the N protein and rescued by TRIM25 overexpression (Fig. 
5D-5E). Next, we investigated whether the inhibition of IFN production by the N protein 
was dependent on the TRIM25 association. Only full-length N and the 362-422 a.a. 
fragment that could interact with TRIM25, but not the other truncated fragments, were 
responsible for the suppression of IFN-B production (Fig. 5F). Accordingly, the 
transcriptional activity of the IFN-responsive sequence element (IRSE) and the 
transcription of IFN-stimulated gene 15 (ISG15), ISG56 and IP10, which greatly depend 
on the cellular IFN level, were similarly inhibited by the SARS-CoV N protein and partially 
recovered by TRIM25 overexpression (Fig. 5G to J). 

Because the SARS-CoV N protein suppressed the production of IFN induced by SeV, 


we next investigated whether viral infection and proliferation were regulated by the N 
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protein. First, A549 cells exogenously expressing Myc-N or Myc-vector were infected (or 
not, in the control) with SeV for 16 h to induce IFN production. In concert with the previous 
finding, SeV-induced IFN-B transcription in A549 cells was suppressed by the SARS-CoV 
N protein. IFN-B sensitive Vero E6 cells were pre-incubated with the above-mentioned 
A549 cell culture supernatants for 4 h and then infected with GFP expressing NDV 
(NDV-GFP). The proliferation of NDV-GFP in Vero E6 cells was determined by the 
GFP-positive cell number and the fluorescence intensity detected by flow cytometry. As 
shown in Fig. 5K, Vero E6 cells pre-incubated with Se\V-infected A549 cell culture 
supernatants showed a significantly decreased NDV-GFP infection rate compared with 
Vero E6 cells pre-incubated with the normal A549 cell culture supernatant without SeV 
infection (~73.1% vs ~27.8%). This difference was due to the antiviral activity of the 
IFN-B released by the SeV-infected A549 cells (Fig. 5K, left and middle). In accordance 
with the finding that the N protein inhibits IFN production (Fig. 5SA~5E), a much higher 
NDV-GFP infection rate was observed in Vero E6 cells pre-incubated with the supernatant 
collected from SeV-infected A549 cells expressing the SARS-CoV N protein (~49.2% vs 
27.8%) (Fig. 5K). Additionally, the NDV infection rate was increased in an N-protein 
dose-dependent manner (Fig. 5L) and was compromised when TRIM25 was 
co-expressed with the N protein (Fig. 5M). These results demonstrated that the 
SARS-CoV N-protein-mediated inhibition of IFN production relied on its host cell 


association partner TRIM25. 


N protein promotes virus replication by inhibiting TRIM25-mediated IFN-B 
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production. 


Next, we investigated the function of TRIM25 in SARS-CoV infection and proliferation 


in human cells using the de novo synthesized recombinant SARS-CoV strain v2163 (30). 


A549 cells were transfected with a TRIM25-targeting siRNA or scrambled siRNA for 48 h, 


resulting in ~70% TRIM25 knockdown (Fig. 6A). The siRNA-transfected cells were 


infected with recombinant SARS-CoV at a dose of 0.05 PFU per cell for 24 h. The virus 


particles released into the cell culture supernatant were collected, and the genomic RNA 


copy numbers were determined by qPCR. Compared with the scrambled siRNA, the 


TRIM25-targeting siRNA resulted in a significantly higher SARS-CoV titer in A549 cells 


(Fig. 6A). TRIM25 overexpression reduced SARS-CoV release in A549 cells (Fig. 6B). 


These results suggested that higher TRIM25 levels may compensate the activity inhibition 


of RIG-I ubiquitination mediated by the viral N protein because the N protein suppressed 


RIG-I ubiquitination in a dose-dependent manner. Thus, a higher N protein: TRIM25 ratio 


should contribute more suppression. Further, A549 cells were transfected with full-length 


N protein or N-terminal (1-361); 24 h later, cells were infected with SARS-CoV. 


Twenty-four hours post-infection, the viral genomic RNA copy numbers were determined 


by qPCR. Overexpression of full-length N protein led to a higher viral genomic copy 


number compared with the N protein N-terminal version in A549 cells (Fig. 6C). 


SARS-CoV can productively infect the human bronchial epithelium Calu-3 cell line and 


shows more sensitivity to IFN treatment (31, 32). To further study the effect of the N 


protein on SARS-CoV replication, Calu-3 cells were transfected with full-length N protein 


or its N-terminal (1-361) truncation, which do not interact with TRIM25. At 24 h 


ODI NVS 4INVO 4O AINN Aq ZL02 ‘vy Aveniqe4 uo /6i0"wseInl//:dj}y Wo1y pepeojuMOGg 


(0) 
= 
6 
oO 
(0) 
— 
(72) 
O 
jae 
— 
(OL 
= 
O 
72) 
=) 
(= 
= 
TO 
ve 
[ok 
0) 
O 
O 
~< 


Journal of Virology 


Journal of Virology 


331 


332 


333 


334 


335 


336 


337 


338 


339 


340 


341 


342 


343 


344 


345 


346 


347 


348 


349 


350 


351 


352 


post-transfection, cells were infected with SARS-CoV for the indicated time in the 


presence/absence of IFN-B-specific neutralization antibody at a concentration of 2.7 ug/ml. 


Compared with the N-terminus of the N protein, the full-length N protein showed little, if 


any, effect on viral replication in the presence of the IFN-B-specific neutralization antibody, 


while a much higher viral titer was observed in the cells overexpressing full-length N 


protein in the absence of IFN-B antibody, suggesting that the overexpressed N protein 


promoted viral replication by suppressing IFN production (Fig. 6D). Unexpectedly, a lower 


viral titer was observed (data not shown) in the cells expressing the C-terminal N protein, 


possibly due to the incorporation of this protein into a nucleocapsid that may block the 


formation of functionally infectious virus, since the C-terminal N protein plays vital roles in 


N protein polymerization (14, 33). 


MERS-CoV N protein interaction with TRIM25 


MERS-CoV is a new human coronavirus, discovered in the Middle East in 2012, with 


high lethality, that is comparable to SARS-CoV in many aspects (34). The SARS-CoV N 


shares only 20-30% homology with the N proteins of other known coronaviruses (35), 


except SARS-like bat viruses, including HKU4, HKU5, and MERS-CoV (40-50%) (36, 37). 


To test whether MERS-CoV could interact with TRIM25 and suppress IFN-B expression, 


lysates from cells expressing Flag-TRIM25 and GFP-MERS-N or GFP as a control were 


subjected to immunoprecipitation with anti-Flag, and the immunoprecipitates were 


immunoblotted with anti-Flag and anti-GFP. GFP-MERS-N, but not GFP, co-precipitated 


with Flag-TRIM25 (Fig. 7A). Similar to the SARS-CoV N protein, the C-terminal part of the 


MERS-CoV N protein interacted with TRIM25 (Fig. 7B). The Flag-2CARD of 
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RIG-I-induced IFN production was suppressed by the MERS-N protein in a 


dose-dependent manner (Fig. 7C). Unlike the SARS-CoV N protein, both the N- and 


C-terminal portions of the MERS-CoV N protein suppressed RIG-I-induced IFN production 


(Fig. 7D), suggesting that the MERS-CoV N protein interferes with IFN production by 


interacting with TRIM25, similar to SARS-CoV and other unidentified pathways. 


Discussion 


Most human coronaviruses cause mild infections, but the outbreaks of SARS in 2003 


and MERS in 2012 represented highly lethal coronavirus epidemics. SARS-CoV and 


MERS-CoV have similar genome structures, viral growth kinetics and _ clinical 


presentations (32). Therefore, understanding the virulence mechanisms and microbe-host 


interactions of these pathogens will be beneficial for the development of effective 


therapies to control outbreaks of similar coronaviruses in the future (36, 38, 39). 


Inhibition of IFN production and function plays key roles for virus to escape from the 


innate immunity. Previous studies have shown that both SARS-CoV and MERS-CoV 


failed to elicit strong IFN expression during the innate immune response. Viral infection 


failed to induce transcription of type | interferon in peripheral blood mononuclear cells 


(PBMCs) derived from SARS patients and in MERS-CoV infected ex vivo respiratory 


tissues (40, 41). Elderly patients got bad overcome in SARS and MERS infection, 


especially for those who were immunocompromised (42). Several SARS-CoV encoded 


proteins such as nsp1, nsp7, nsp15, PLpro, M, ORF3b, ORF6, and ORF9b were found to 


antagonize IFN production by different pathways (43). MERS-COV 4a protein suppresses 
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PACT-induced activation of RIG-| and MDAS in the innate antiviral responses (44, 45), 
and its M protein, ORF 4a, ORF 4b, and ORF 5 inhibit the nuclear trafficking and 
activation of IRF3, and the activity of NF-kB and ISRE promoter (46). Another well studied 
coronavirus, murine coronavirus mouse hepatitis virus (MHV), could induces type | 
interferon expression dependent on RIG-I recognition. Notably, the nucleocapsid protein 
of MHV, which shares ~34% homology with that of SARS-CoV, is also regarded as a type | 
IFN antagonist by interfering with RNase L activity associated with the induction of 2’-5’ 
OAS (47). 

Our work demonstrated that the N proteins of SARS-CoV could inhibit IFN-6 
production by interaction with TRIM25, therefore suppress TRIM25-mediated RIG-I 
activation by ubiquitination, which provides in-depth insight into the mechanism of 
SARS-CoV-induced innate immune suppression. MERS-CoV N protein was also 
demonstrated to interact with TRIM25 and to inhibit IFN-8 promoter activity, which 
suggests that the N protein of MERS may be involved in IFN production in a way similar 
with SARS-CoV. 

TRIM family proteins contain at least three domains [an N-terminal RING domain, 
one or two B-boxes and a central coiled-coil domain (CCD)]. Most human TRIM proteins 
also contain a SPRY domain that is involved in broad biological processes, including 
diverse cellular functions and antiviral and antimicrobial activity (48-50). As an ubiquitin E3 
ligase, TRIM25 plays a crucial role in the RIG-l-mediated activation of the type | IFN 
pathway(28). TRIM25 acts as an E3 ubiquitin ligase in both MAVS ubiquitination and 


degradation (51). TRIM25 is also required for full NF-KB activation by ubiquitinating 
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TRAF6 (52). Targeting TRIM25 is an efficient approach to inhibit the IFN-signaling 


pathway. The NS1 protein of influenza A virus was reported to inhibit RIG-I activation by 


targeting the TRIM25 B Box/CCD domains (4). In addition to the interactions of viral 


proteins, the subgenomic flavivirus RNA (sfRNA) of PR-2B serotype 2 (DENV-2) binds to 


TRIM25, prevents its deubiquitylation, and results in the inhibition of RIG-I activation and, 


thus, IFN expression (53). Previous studies have suggested that the SARS-CoV N protein 


is capable of inhibiting IFN-8 production by blocking the RIG-I signaling pathway, and the 


N protein of SARS-CoV was found to inhibit IRF3 activation induced by SeV (21, 54). 


Antagonism of IFN induction by the N protein was further mapped to the C-terminus of the 


protein, while the N protein was shown not to interact with RIG-I| and MDAS (55). In this 


study, we show that the N protein of SARS-CoV suppressed IFN-B production by targeting 


the SPRY domain of TRIM25 and disturbing interaction between this SPRY domain and 


the N-terminal CARDs of RIG-I, resulting in the inhibition of RIG-I ubiquitination and 


downstream signaling, and ultimately the production of type | interferon (Fig. 8). 


Considering that the inhibition of interferon production is mediated by the association of 


Trim25 with N protein, an abolished inhibition should be observed by infection with a 


recombinant virus bearing point mutation of N protein that doesn't bind Trim25, but it was 


failed since no virus could be successfully rescued with such N protein mutant because of 


the impaired functions. 


Proteins of SARS-CoV including the N protein suppress innate immunity by inhibiting 


IFN production other than blocking IFN responses, suggesting that type | interferon may 


be employed for the treatment of early stage SARS infection. Administration of type | 
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interferon in BALB/c mice before or at the initial stage of SARS-CoV infection resulted in 


reduced virus titer, limited inflammatory response and mild clinical disease (56). Type | 


interferon treatment also improves outcome of SARS-CoV and MERS-CoV infection in 


non-human primate models (57, 58), and has also been used in several clinical practices, 


together with other drugs(59-61). 


In conclusion, our results provide evidence for the mechanism by which the 


SARS-CoV (and also MERS-CoV) N proteins inhibit RIG-I ubiquitination and thus 


suppress the release of type | IFN. The results help us to understand the pathogenicity of 


highly dangerous coronaviruses. 
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° 637 
a 
3 638 Figure 1. SARS-CoV N protein interacts with TRIM25. 
c 
3 639 (A) Cell extracts prepared from 293T cells transfected with Flag-SARS N protein (Flag-N) 
640 or Flag vector were subjected to anti-Flag immunoprecipitation. The 
641 immunoprecipitates were resolved using SDS-PAGE electrophoresis and Coomassie 
642 blue staining. 


643 (B) The stained bands marked by arrows in Figure 1A were digested with trypsin and 


644 analyzed by LC-MS/MS. Two peptides (SDLGAVAKGLSGELGTR and EPEELGk) 


645 matching the TRIM25 protein sequence were identified. 


646 (C)-(D) 293T cells transfected with the indicated plasmids were infected with or without 


647 SeV (C), and the cell lysates were subjected to anti-Flag immunoprecipitation. The 


648 immunoprecipitates were analyzed by immunoblotting with anti-TRIM25 (C) or 
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anti-Myc (D). 


(E) HeLa cells transfected with GFP-N were fixed with 4% paraformaldehyde and 


incubated with anti-TRIM25 and anti-GFP antibodies. An in situ PLA assay was 


conducted as described and imaged with a confocal microscope at 100X 


magnification. Red dots indicate the interaction. 


Figure 2. The interaction domain of the SARS-CoV N protein and TRIM25. 


(A) Anti-Flag immunoprecipitates prepared from lysates of 293T cells expressing 


Flag-TRIM25 and GFP-tagged full-length or truncated SARS CoV N protein were 


analyzed by immunoblotting with anti-Flag and anti-GFP. 


(B) Anti-Flag immunoprecipitates prepared from lysates of 293T cells expressing Myc-N 


protein and Flag-B Box/CCD or Flag-SPRY domains were analyzed by 


immunoblotting with anti-Flag and anti-Myc. 


(C) Anti-Flag immunoprecipitates prepared from lysates of 293T cells expressing 


GFP-N or Flag-tagged TRIM25 domains were analyzed by immunoblotting with 


anti-Flag and anti-GFP. 


Figure 3. The interaction between TRIM25 and RIG-I was inhibited by the SARS-CoV 


N protein. 


(A) 293T cells were transfected with Flag-RIG-I and Myc-TRIM25 with or without Myc-N. 


Anti-Flag immunoprecipitates were analyzed by immunoblotting with anti-Flag or 


anti-Myc. 


(B) 293T cells were transfected with Flag-TRIM25, Myc-RIG-I and the indicated 
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amount of GFP-N. Anti-Flag immunoprecipitates were analyzed by immunoblotting 


with anti-Flag, anti-Myc or anti-GFP. 


(C) HeLa cells expressing the GFP-N or GFP plasmid were fixed with 4% 


paraformaldehyde and incubated with anti-TRIM25 and anti-RIG-I antibodies. The in 


situ PLA assay was conducted as described and imaged with a confocal microscope 


at 100X magnification. Red dots indicate the interaction. 


(D) Red dots indicating positive PLA signals were counted in 30 randomly selected cells. 


The data are expressed as the means+SD (*P<0.05). 


Figure 4. TRIM25-mediated RIG-I ubiquitination was suppressed by the SARS-CoV 


N protein. 


(A)(B)(D) 293T cells transfected with the indicated plasmids for 36 h were infected with 


or without SeV at an MOI of 2 for 12 h. The anti-Flag immunoprecipitates prepared 


from the cell extracts were analyzed by immunoblotting with the indicated antibodies. 


(C) 293T cells were transfected with the vector, Flag-2CARD or Myc-N. At 24 h 


post-transfection, whole-cell lysates were subjected to immunoblotting with anti-IRF3 


and anti-p-IRF3 (S396) antibodies. 


Figure 5. The SARS-CoV N protein inhibits TRIM25-mediated RIG-I activation and 


interferon production. 


(A)-(C) & (F) 293T cells were co-transfected with the IFN-B-Luc firefly luciferase reporter 


plasmid, the Renilla luciferase control reporter plasmid pRL and the indicated 


plasmids for 36 h. The transfected cells were infected with or without SeV at an MOI 


of 2 for 12 h in (C) and (F). The luciferase activity of the cell lysates was analyzed 
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with the Dual Luciferase Reporter Assay System (Promega) and was measured on a 


Monolight 2010 luminometer. 


(D)-(E) A549 cells transfected with Myc-N and Flag-TRIM25 were infected with or 


without SeV at an MOI of 2 for 36 h. The mRNA was extracted, and the IFN-8 mRNA 


expression level was determined by RT-PCR (D). The IFN-B concentrations in the cell 


culture supernatants were measured using a VeriKine Human IFN-B ELISA kit (E). 


(G) 293T cells co-transfected with the IRSE-Luc reporter plasmid, pRL and the other 


indicated plasmids were infected with or without SeV at an MOI of 2 for 24 h. The 


luciferase activity of the cell lysates was analyzed with the Dual Luciferase Reporter 


Assay System and was measured using a Monolight 2010 luminometer. 


(H)-(J) Total RNA was extracted from A549 cells expressing the indicated plasmids. The 


ISG15, ISG56 and IP10 mRNA expression levels were determined by RT-PCR. All 


results from (A) to (I) are expressed as the means+S.D. of three independent 


experiments (ns, nonsignificant; *: P<0.05; **: P<0.01, ***: P<0.001). 


(K)-(M) A549 cells were transfected with 0.5 ug of the Myc-vector (left and middle) or 


Myc-N (right) for 24 h. The cells were infected with (middle and right) or without (left) 


SeV at an MOI of 2 for 16 h. Cell culture supernatants were harvested and incubated 


with Vero E6 cells for 2 h prior to infection of the Vero E6 cells with NDV-GFP at an 


MOI of 2. After 24 h, the GFP fluorescence of the Vero E6 cells was detected by flow 


cytometry. The cell culture supernatants were harvested and incubated with Vero E6 


cells for 2 h prior to infection of the Vero E6 cells with NDV-GFP at an MOI of 2. The 


NDV infection rate of the Vero E6 cells was measured by flow cytometry after 24 h of 
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infection. 


Figure 6. N protein promotes virus replication by inhibiting TRIM25-mediated IFN-B 
production. 

(A) A549 cells were transfected with TRIM25 RNAi or scramble RNAi. At 24 h 
post-transfection, the cells were infected with recombinant SARS-CoV at an MOI of 
0.05 PFU per cell for 24 h. The virus particles released into the cell culture 
supernatants were determined by viral genomic RNA level as assayed by qPCR. The 
TRIM25 mRNA expression level was determined by RT-PCR (Right). 

(B) A549 cells transfected with Flag-TRIM25 or Flag vector were infected with 
recombinant SARS-CoV as described in (A). The virus particles released into the cell 
culture supernatants were quantified by viral genomic RNA level as assayed by 
qPCR. 

(C) A549 cells transfected with GFP vector, GFP-N or GFP-N (1-361) were infected with 
SARS-CoV as described in (A). The virus particles released into the cell culture 
supernatants were quantified by viral genomic RNA level as assayed by qPCR. 

(D) Calu-3 cells were transfected with full-length N protein or N(1-361), and 24 h after 
transfection, the cells were infected with mouse-adapted SARS-CoV at an MOI of 
0.05 PFU per cell in the presence/absence of IFN-B-specific neutralizing antibody. 
Viral RNA from viral particles in the supernatant was quantified by qPCR. The results 
are expressed as the means+S.D. of three independent experiments. 


The significance of cells not treated with the antibody from (D) was analyzed using 
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the ¢ test. All results from (A) to (D) are expressed as the means+S.D. of three 


independent experiments (ns, nonsignificant; *: P<0.05; **: P<0.01, ***: P<0.001). 


Figure 7. The MERS-CoV N protein interacts with TRIM25 and inhibits RIG-I 


interferon signaling 


(A-B) 293T cells were transfected with 2 ug of the indicated plasmids for 36 h. Whole cell 


lysates were subjected to anti-Flag immunoprecipitates and immunoblotting with 


anti-Flag or anti-GFP antibodies. 


(C-D) 293T cells were co-transfected with the IFN-B-Luc firefly luciferase reporter 


plasmid, the Renilla luciferase control reporter plasmid pRL, Flag-2CARD and 


increasing amounts of the GFP-MERS-N plasmid (C), GFP-MERS-N (1~170 aa) or 


GFP-MERS-N (171 aa~413 aa) (D) for 36 h. The luciferase activity of the cell lysates 


was analyzed with the Dual Luciferase Reporter Assay System (Promega) and was 


measured with a Monolight 2010 luminometer. The results are expressed as the 


means+S.D. of three independent experiments. 


Figure 8. The schematic of N protein inhibiting type | interferon production by 


interfering with TRIM25-mediated RIG-I ubiquitination. 
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Table 1. Primers used in real-time PCR 


Gene Forward primer (5’ to 3’) Reverse primer (5’ to 3’) 

B-actin TGACGTGGACATCCGCAAAG CTGGAAGGTGGACAGCGAGG 
IFN-a CTGAATGACTTGGAAGCCTG ATTTCTGCTCTGACAACCTC 
IFN-B GTCAGAGTGGAAATCCTAAG ACAGCATCTGCTGGTTGAAG 
IP10 TCCCATCACTTCCCTACATG TGAAGCAGGGTCAGAACATC 
ISG15 TCCTGGTGAGGAATAACAAGGG CTCAGCCAGAACAGGTCGTC 
ISG56 TCGGAGAAAGGCATTAGATC GACCTTGTCTCACAGAGTTC 


TRIM25 — GACCACGGCTTTGTCATCTTC AAAGTCCACCCTGAACTTATACATCA 
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